Tumor islands-large collections of tumor cells isolated within alveolar spaces-can be seen in lung adenocarcinomas. Recently we observed by 3-dimensional reconstruction that these structures were connected with each other and with the main tumor in different tissue planes, raising the possibility of tumor islands being a means of extension. However, the clinical and prognostic significance of tumor islands remains unknown. In this study, we compared clinicopathologic and molecular characteristics and prognosis of stages I to II lung adenocarcinomas with tumor islands (n = 58) and those without (n = 203). Lung adenocarcinomas with tumor islands were more likely to occur in smokers, exhibit higher nuclear grade and a solid or micropapillary pattern of growth, and harbor KRAS mutations. In contrast, lung adenocarcinomas without tumor islands were more likely to present as minimally invasive adenocarcinoma, show a lepidic pattern of growth, and harbor EGFR mutations. Although there was no difference in stage, the prognosis of lung adenocarcinomas with tumor islands was significantly worse than those without. The 5-year recurrence-free survival for patients with tumor islands and those without was 44.6% and 74.4%, respectively (log rank P = 0.010). The survival difference remained significant (P <0.020) by multivariate analysis, and the presence of tumor islands was associated with almost 2-fold increase in the risk of recurrence. Even in the stage IA cohort, more than half of the patients with tumor islands experienced recurrence within 5 years. Thus, aggressive surveillance and/or further intervention may be indicated for patients whose tumors exhibit tumor islands.
L ung cancer remains the most frequent cause of cancer incidence and mortality worldwide despite efforts toward its early detection and treatment. [1] [2] [3] The prognosis of patients with lung cancer is generally poor, and the overall 5-year survival rate is 15%. 4 Of the 4 main histologic types of lung cancer, adenocarcinoma is increasing in frequency and accounts for almost half of all lung cancers. 3, 5 Pathologic and radiologic studies have revealed significant prognostic subsets of lung adenocarcinoma. [5] [6] [7] However, a wide morphologic spectrum exists in lung adenocarcinoma, and this heterogeneity has resulted in confusion and difficulty in comparing the results of clinicopathologic studies. 1, 5, 6 Despite remarkable advances in understanding the molecular biology of this tumor in the past decade, there remains a need for universally accepted criteria for adenocarcinoma classification according to prognosis.
In 2008 an international multidisciplinary expert panel supported by the International Association for the Study of Lung Cancer (IASLC), the American Thoracic Society (ATS), and the European Respiratory Society (ERS) reevaluated the histologic classification of lung adenocarcinoma and formulated a new classification. It recognizes 5 major patterns [lepidic (formerly nonmucinous bronchioloalveolar), papillary, acinar, micropapillary, and solid] and 4 variants (mucinous, fetal, colloid, and enteric) and correlates these histologic features with clinical features, imaging characteristics, molecular signature, and prognostic and predictive markers. 7 This new classification is expected to facilitate diagnostic standardization and improve risk stratification and management of patients with lung adenocarcinoma. In fact, Yoshizawa et al 7 and Russell et al 8 recently validated the new classification with cohorts of 514 and 210 lung adenocarcinomas, respectively, and demonstrated a correlation between the predominant pattern(s) of adenocarcinoma and clinical outcome. The results confirm a prognostic role of the new lung adenocarcinoma classification. [7] [8] [9] However, several challenges are associated with this proposed classification. Interobserver concordance in assigning patterns remains suboptimal, particularly when multiple patterns are present in 1 tumor, and the proportion of each pattern must be determined. 10 In addition, certain unique morphologic structures cannot easily be classified into 1 pattern or variant. One example of this is a tumor island, a detached collection of tumor cells within an alveolar space that is separated from the main tumor mass by a distance of at least a few alveoli and cannot be classified as a micropapillary pattern, which has been clearly defined by Amin et al 11 and later by Tsutsumida et al, 12 on the basis of the shape and large size of these collections. We have recently developed an automated algorithm for 3-dimensional (3D) reconstruction of paraffin-embedded tissues and found that tumor islands were interconnected with each other and with the main tumor at different tissue planes in 2 of 4 examined lung adenocarcinoma cases ( Fig. 1 ). 13 These features could not be clearly recognized by routine (2D) observation of histology slides. On the basis of these results, we hypothesize that the tumor island is a means of tumor extension in lung adenocarcinoma and may be an important factor for prognosis. In the present study, we sought to examine (1) the prevalence and clinicopathologic and molecular characteristics of subjects with tumor islands and (2) the prognostic significance of tumor islands in resected early-stage lung adenocarcinomas.
METHODS

Subjects
The Massachusetts General Hospital institutional review board approved this study. The study group consisted of 261 patients who had undergone lung resection with curative intent for stage I or II lung adenocarcinoma without neoadjuvant therapy between January 1998 and December 2010. In 92 of the 261 cases, resected in 2009 and 2010, mutational analysis had been performed for clinical purposes using a recently developed tumor-genotyping assay based on SNaPshot technology (Applied Biosystems) for point mutations and small insertions and deletions in 13 cancer genes, including KRAS and EGFR. 14 Clinical and demographic information was obtained from the medical record.
Histologic Evaluation
Two of the authors (M.M.-K., and A.E.K. or V.E.K.) jointly reviewed all the 5-mm hematoxylin and eosin-stained slides processed for clinical diagnosis of all 261 lung adenocarcinomas, including 3 to 8 tumor slides per case, and performed comprehensive histologic subtyping, on the basis of recommendations by the classification strategy proposed by IASCLC/ATS/ERS. 3 In brief, the proportion of any particular histologic pattern (lepidic, acinar, papillary, micropapillary, solid, mucinous adenocarcinoma, or the other variants) was semiquantitatively determined in 5% increments, and the predominant histologic pattern was recorded. For each case, a 3-tier scoring system for nuclear grade was applied (low, intermediate, and high grade), and the highest grade for the analysis was recorded. 15 Also recorded were the specimen type (wedge resection vs. anatomic resection), the tumor size on the basis of gross and/or conventional 2D microscopic examination, and the presence of lymphovascular invasion, pleural invasion, and nodal status. One of the authors (M.L.O.), who was blinded to clinicopathologic data, independently reviewed each case and recorded the presence or absence of a tumor island or islands. A tumor island was defined as an isolated, large collection of tumor cells present within alveolar spaces that lacked well-demarcated micropapillary configuration. 11, 12 The island was located at the periphery of the lesion and was separated from the main tumor by at least a few alveoli. The tumor cells in the island were cytologically similar to those of the main tumor and could easily be differentiated from alveolar macrophages by a high N/C ratio and cytologic atypia ( Fig. 2 ).
Statistical Analysis
The Fisher exact test and the Wilcoxon rank sum test were used to evaluate the association of tumor islands with various clinicopathologic characteristics and molecular alterations. Recurrence-free survival was estimated using the Kaplan-Meier method, with patients followed from time of surgery until recurrence. Patients without disease recurrence at the last available follow-up, no later than June 30, 2011, were censored. The log rank test was applied to assess for differences. To determine the independent effect of tumor islands on recurrence-free survival, multivariate analysis was performed using a Cox regression model. All reported P-values are based on 2-sided hypothesis tests, and the statistical analysis was computed using SAS 9.2 (SAS Institute Inc., Cary, NC).
RESULTS
Clinicopathologic Characteristics
The clinicopathologic and histology findings are summarized in Table 1 . Of the 261 subjects, 59.8% were women (n = 156), and the median age was 69 years (range, 37 to 92 y). Wedge resection was performed in 82 cases (31.4%), and median tumor size was 2.2 cm (range, 0.4 to 15.0 cm). The majority of subjects presented with stage I disease: 151 patients with stage IA (57.9%) and 66 with stage IB (25.3%). Of the remaining 44 subjects, 23 (8.8%) presented with stage IIA disease and 21 (8.0%) with stage IIB disease. In accordance with the IASLC/ ATS/ERS-proposed classification, 31 cases (11.9%) were reclassified as minimally invasive adenocarcinoma, and the acinar pattern was the most common predominant pattern (115 cases, 44.1%).
Tumor islands were seen in 58 (22.2%) of these 261 early-stage lung adenocarcinomas, with a mean greatest dimension of 155 mm (range, 35 to 366 mm). Each case showed 2 to 29 tumor islands in the examined sections.
In 18 of the 58 cases, small tufts (micropapillary structures) were also seen in adjacent alveolar spaces, but tumor islands were identified as isolated structures in all cases.
The median size of cases with tumor islands was similar to those without (2.05 vs. 2.3 cm, P = 0.283). Histologically, cases with tumor islands were significantly more likely to have a predominant solid pattern (22.4% vs. 7.9%, P = 0.004) and less likely to be minimally invasive (3.5% vs. 14.3%, P = 0.022). There were also trends toward a predominant micropapillary pattern seen more frequently in cases with tumor islands (10.3% vs. 3.9%, P = 0.090) and a predominant lepidic pattern less frequently seen in cases with tumor islands (6.9% vs. 
Molecular Alterations
Of the 92 cases that had been analyzed by the SNaPshot assay, 20 (22%) were found to harbor EGFR mutations and 37 (40%) KRAS mutations. Of the remaining 35 cases, 1 demonstrated a BRAF mutation, 2 ERBB2 mutations, 1 a PIK3CA mutation, and 1 a TP53 mutation, with 30 cases showing none of the mutations assayed in the panel. Tumor islands were not observed in any of the cases with EGFR mutations in this cohort. By contrast, tumor islands were identified in 46% (17 of 37) of lung adenocarcinomas with KRAS mutations and in 23% (8 of 35) of the tumors with neither KRAS nor EGFR mutations. The presence of tumor islands was strongly associated with KRAS mutation (P = 0.002). In the 5 lung adenocarcinomas with other mutations, tumor islands were present in 1 BRAF mutant, another member of the mitogen-activated protein kinase pathway, but not in the other cases including the 2 cases with ERBB2 mutations.
Survival in Context of Tumor Islands
Subjects with lung adenocarcinomas exhibiting tumor islands had a significantly worse outcome than those without tumor islands. Median survival was 55 months FIGURE 2. A, An example of lung adenocarcinoma with tumor islands. The islands are isolated within airspaces (arrows) and are several alveoli away from the main tumor (arrow heads). B, A high-power view shows clusters of atypical cells with necrosis (arrows). The arrow heads indicate a collection of benign alveolar macrophages in the adjacent air space with significant difference in cytology between the 2 groups. C, Another example of lung adenocarcinoma with tumor islands. The islands are present in the alveoli adjacent to the blue-inked wedge resection margin (arrow heads). D, Keratin stain highlights the tumor islands confirming an epithelial origin. Conversely, a cluster of alveolar macrophages (arrows) are negative for keratin [immunostain for pan-keratin on a deeper section of (C)].
after resection among patients with tumor islands and undefined among those without tumor islands. The 5-year recurrence-free survival for patients with tumor islands and those without was 44.6% and 74.4%, respectively (log rank P = 0.010) (Fig. 3A) .
When comparing only the subjects with frank invasive carcinoma, the survival difference remained significant. Median recurrence-free survival was 58 months after resection among patients with tumor islands (n = 56) and undefined among those without tumor islands (n = 174). The 5-year recurrence-free survival for patients with tumor islands and those without was 46.5% and 70.7%, respectively (log rank P = 0.046) ( Fig. 3B) .
Similarly, the presence of tumor islands was significantly associated with poor outcomes in the stage IA cohort. Median survival was 55 months after resection among patients with stage IA lung adenocarcinomas exhibiting tumor islands (n = 35) and undefined among those without tumor islands (n = 116). Five-year recurrence-free survival for patients with tumor islands and those without was 44.1% and 77.8%, respectively (log rank P = 0.011) ( Fig. 3C ).
Of patients who underwent isolated wedge resection, the median survival was undefined among those with tumor islands (n = 16) and among those without tumor islands (n = 66). There was no difference in the 5-year recurrence-free survival between patients with tumor islands and those without (59.3% vs. 68.8%, log rank P = 0.317); however, the presence of tumor islands was associated with early recurrence (< 2 y) after resection (5 of 5 vs. 7 of 17, P = 0.040) (Fig. 3D ).
The survival difference remained significant (P < 0.020) after controlling for the independent effects of stage and invasiveness by multivariate analysis. The adjusted hazard ratio of 1.9 suggests that the presence of tumor islands was associated with an almost 2-fold increase in the risk of recurrence.
DISCUSSION
Early-stage lung adenocarcinomas with tumor islands compared with those without demonstrated significant differences in pathologic features, molecular alterations, and survival. Lung adenocarcinomas with tumor islands were more likely to occur in smokers, exhibit higher nuclear grade and a solid or micropapillary pattern of growth, and harbor KRAS mutations. In contrast, lung adenocarcinomas without tumor islands were more likely to present as minimally invasive adenocarcinoma, show a lepidic pattern of growth, and harbor EGFR mutations. Although there was no difference in stage or other parameters commonly associated with poor outcomes, the prognosis of lung adenocarcinomas with tumor islands was significantly worse than those without. The same was true when only frank invasive carcinomas were compared. These findings indicate that tumor islands likely dictate the aggressiveness of early-stage lung adenocarcinomas.
In a previous study, 13 we analyzed early-stage lung adenocarcinomas with an automated 3D model that could visualize morphologic features not clearly seen by 2D views of routine histology slides. We found that tumor islands were connected with each other and with the main tumor, thus increasing the total volume (and frequently the maximum dimension) of the tumor. In the current practice, pT stage is defined by the size of the tumor on the basis of gross examination and conventional microscopic assessment. The tumor islands, which are not easily appreciated on gross examination and are seen isolated from the main tumor on microscopy, could be considered as artifact associated with processing by some pathologists. In addition, they are not specified either in the 2004 World Health Organization classification or in the new ISALC/ATS/ERS International Multidisciplinary Classification. 3 Thus, it is reasonable to think that lung adenocarcinomas with tumor islands might have been underestimated in size, although in our cohort, the median size of lung adenocarcinomas with tumor islands was Am J Surg Pathol Volume 37, Number 2, February 2013 Tumor Islands in Lung Adenocarcinoma similar to that without tumor islands on conventional size assessment. However, whether tumor islands should be considered as part of the tumor when measuring tumor size and whether they should be considered as part of tumor tissue for histologic classification need to be evaluated in larger cohort studies. Kamiya et al 16 studied histopathologic features of lung adenocarcinomas with a micropapillary pattern in depth and found that most micropapillary tufts had continuity with other tufts and the main tumor in 3 cases studied using serial sections. Given the ambiguous definition in size of a micropapillary pattern in the reported studies, 11, 12, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] and some association of tumor islands with the micropapillary predominant pattern, there is the possibility of tumor islands and micropapillary tufts being at the opposite ends of the same spectrum. However, in our cohort, the majority of the tumor islands were seen as isolated structures without micropapillary tufts in the background. In addition, the presence of a micropapillary pattern in lung adenocarcinomas was associated with lymphatic and/or vascular invasion and lymph node metastasis in the reported studies, 11, 12, 16, 17, [21] [22] [23] [24] [25] but these associations were not identified in lung adenocarcinomas with tumor islands in our cohort. Therefore, we believe that tumor islands represent a unique morphology of lung adenocarcinoma.
It has been shown that the presence of a micropapillary pattern in Z5% of the tumor is a strong predictor FIGURE 3 . A, For all stages, median recurrence-free survival was 55 months after resection among subjects with tumor islands (n = 56) and undefined among those without tumor islands (n = 174). The 5-year recurrence-free survival for subjects with tumor islands and those without was 44.6% and 74.4%, respectively (log rank P = 0.010). B, For cases with frank invasive carcinomas, median recurrence-free survival was 58 months after resection among subjects with tumor islands (n = 56) and undefined among those without tumor islands (n = 174). The 5-year recurrence-free survival for patients with tumor islands and those without was 46.5% and 70.7%, respectively (log rank P = 0.046). C, For stage IA cases, median survival was 55 months after resection among patients with stage IA lung adenocarcinomas exhibiting tumor islands (n = 35) and undefined among those without tumor islands (n = 116). Five-year recurrence-free survival for patients with tumor islands and those without was 44.1% and 77.8%, respectively (log rank P = 0.011). D, For subjects who underwent isolated wedge resections, the median survival was undefined among those with tumor islands (n = 16) and among those without tumor islands (n = 66). There was no difference in the 5-year recurrence-free survival between subjects with tumor islands and those without (59.3% vs. 68.8%, log rank P = 0.317); however, the presence of tumor islands was associated with early recurrence (< 2 y) after resection.
of recurrence in patients undergoing limited resection for small lung adenocarcinomas. 26 On the basis of their results, the authors hypothesized that micropapillary structures might spread through airspaces and extend beyond the resection margin (W.D. Travis, personal communication, 2012) . Islands of tumor cells that appear isolated and away from the main mass on conventional microscopic examination, but are found in continuum with it on 3D assessment, likely represent another manner of extension. In our cohort, the presence of tumor islands was associated with early recurrence ( < 2 y) after resection in subjects who underwent wedge resection, even though the parenchymal margin was free of tumor on microscopic examination in these cases (data not shown). The results indicate the possibility of residual, grossly invisible tumor cells in the remaining lung parenchyma after wedge resection.
We found an association of tumor islands with mitogen-activated protein kinase pathway alterations, mainly KRAS mutations, and the inverse correlation with minimal invasion. Interestingly, Sakamoto et al 27 evaluated lung cancer resections from a Japanese cohort with foci of atypical adenomatous hyperplasia (AAH) and found KRAS gene mutations in one third of AAH lesions but rarely in minimally invasive adenocarcinomas or well-differentiated invasive adenocarcinomas, although KRAS mutations were present in 17% to 18% of highergrade adenocarcinomas. Conversely, EGFR mutations were evenly distributed from AAH to poorly differentiated adenocarcinomas. On the basis of the results, the authors concluded that AAH lesions harboring KRAS mutations might not progress further to invasive carcinomas through a conventional "adenoma-carcinoma sequence" but rather high-grade adenocarcinomas with KRAS mutations might develop through de novo or alternative unknown pathways. 27 Another possible interpretation of their results is that lung adenocarcinomas driven by KRAS mutations may progress rapidly from preinvasive lesions to high-grade invasive carcinoma and replace preinvasive lesions when they are small. Irrespective of the presence of de novo or alternative unknown pathways, on the basis of the findings of the current study, we hypothesize that at least a subset of lung adenocarcinomas harboring KRAS mutations become invasive when they are small and expand the tumor mass by tumor islands and/or some other means of extension.
In conclusion, tumor islands associated with a solid pattern of growth and KRAS mutations likely dictate adverse prognosis after resection in early-stage lung adenocarcinomas. Even in the stage IA cohort, more than half of the patients experienced recurrence within 5 years. Thus, aggressive surveillance and/or further intervention may be indicated for those with tumor islands.
